We have previously reported evidence of linkage and association between markers on 1q42 and schizophrenia in a study sample of 498 multiply affected Finnish nuclear families, leading to the recent identification of four significantly associated haplotypes that specifically implicate the Translin-Associated Factor X (TRAX) and Disrupted in Schizophrenia 1 and 2 (DISC1 and DISC2) genes in the genetic etiology of schizophrenia. Previously, the DISC genes were found to be disrupted by a balanced translocation (1;11)(q42.1;q14.3) that cosegregated with schizophrenia and related disorders in a large Scottish pedigree. Interestingly, we also reported earlier suggestive linkage between endophenotypic quantitative traits of visual and verbal memory and microsatellite markers in close proximity to TRAX/DISC, on 1q41. Here, we tested if the identified allelic haplotypes of TRAX/DISC would be associated with visual and/or verbal memory function impairments that are known to aggregate with schizophrenia in families. One haplotype of DISC1, HEP3, displayed association with poorer performance on tests assessing short-term visual memory and attention. Analysis of affected and unaffected offspring separately revealed that both samples contribute to the observed association to visual working memory. These results provide genetic support to the view that the DISC1 gene contributes to sensitivity to schizophrenia and associated disturbances and affects short-term visual memory functions. This finding should stimulate studies aiming at the molecular characterization of how the specific alleles of DISC1 affect the visual memory functions and eventually participates in the development of schizophrenia.
Schizophrenia is a severe mental disorder with a strong genetic component, [1] [2] [3] inherited in a complex manner. Recently, specific alleles of numerous genes have been introduced as potential etiological factors of schizophrenia using haplotype association methods. 4, 5 On 1q42, haplotypes of a locus containing three such schizophrenia candidate genes, TranslinAssociated Factor X (TRAX), and Disrupted in Schizophrenia 1 and 2 (DISC1 and DISC2), were observed to be associated with schizophrenia. Specifically, four different haplotypes (assigned as HEP1-HEP4) were identified in 498 multiply affected Finnish nuclear families with HEP2 and 3 being consistently observed to be significantly undertransmitted to affected individuals. HEP3 also displayed a sex difference in transmission distortion. 6 This association between DISC1 and schizophrenia and related disorders has recently been replicated. 7 However, another study evaluating promoter variants of DISC1 failed to detect association with schizophrenia 8 ( Figure 1 ). Initially, linkage analysis had identified 1q42 as a good candidate region for the disorder, when a balanced translocation (1;11)(q42.1;q14.3), directly disrupting the DISC1 and 2 genes, was observed to be linked to schizophrenia and its related disorders in a large Scottish pedigree. 9, 10 Later, it was shown that a DISC1 intragenic microsatellite marker was linked to schizophrenia in a large Finnish family sample, 11 and the linkage was replicated with another DISC1 intragenic marker in an independent Finnish sample. 12 Observations of linkage to 1q42 to schizophrenia have since been observed in the Taiwanese, 13 and to bipolar disorder in a UK and Icelandic sample 14 ( Figure 1 ). The suggested functions of the TRAX and DISC genes also make them highly relevant for the etiology of psychotic disorders. The DISC1 protein is implied to play a role in neurite outgrowth, neuronal migration, synaptogenesis, and glutamatergic neurotransmission. [15] [16] [17] [18] [19] [20] The TRAX protein forms brainenriched complexes with a protein called Translin, which is vaguely thought to be involved in the development and function of the central nervous system. 21 The DISC2 gene has been hypothesized to act through its RNA as a regulator of DISC1. 9 Although multiple findings imply that TRAX/DISC may be involved in schizophrenia, there is currently little data to support any specific etiological model. One approach to address this issue is to use intermediate phenotypes, endophenotypes, of the clinical diagnosis with a possibly more direct relationship to specific molecular pathways. Any measurable quantitative endophenotype of schizophrenia should represent a heritable state-independent trait, revealing variations associated with a vulnerability to the disorder. Their molecular background is likely to be more straightforward, with less genetic heterogeneity contributing to the variation in the trait, when compared to the diagnostic phenotype of schizophrenia. For schizophrenia, the most prominent candidate endophenotypes are measures of the structure and function of a number of brain systems. 22 Linkage studies of Finnish schizophrenia samples have highlighted the 1q41-q42 region as a potential candidate locus for cognitive endophenotypes. A study of Finnish twins used microsatellite markers that had previously been shown to form a schizophrenia linked allelic haplotype spanning 1q32.2-q41. 23 The most telomeric of these markers (ie those immediately proximal to TRAX/DISC) displayed the strongest linkage and association to quantitative measures of visuospatial working memory and visual attention. 24 Also, a family-based, genome-wide scan using a number of quantitative traits of cognitive functions observed some evidence of linkage (lod41.5) to verbal memory functions at the 1q41 locus 25 ( Figure  1) . Here, we have tested linked quantitative traits of cognitive functions for association with the consistently associated haplotypes of 1q42 in Finnish schizophrenia families.
Materials and methods

Study sample
This study used a subsample of families from the original association analysis on 1q42. 6 The sample consists of 215 families containing 1437 individuals of which 400 are classified as affected according to increasingly inclusive liability classes (LC) with criteria based on the Diagnostic and Statistical Manual of Mental Disorders, fourth edition (DSM-IV).
26 LC1 constitutes schizophrenia only, LC2 added those individuals affected with schizoaffective disorder, LC3 added individuals with schizophrenia spectrum disorder, 27 and LC4 added individuals with bipolar disorder or major depressive disorder. From these 1437 individuals, 746 have undergone extensive neuropsychological assessment, including 356 offspring currently unaffected under LC4 ( 
Phenotypic assessment
The neuropsychological test battery, from which the cognitive traits included in this present study were obtained, has been described elsewhere in detail. 28 All tests were well validated, internationally used neuropsychological instruments, and include the Wechsler Memory Scale-Revised (WMS-R), 29 California Verbal Learning Test (CVLT), 30 and the Wechsler Adult Intelligence Scale-Revised (WAIS-R). 31 The tests were administered to the subjects in a fixed order by experienced psychologists or psychiatric nurses who had received extensive training with the test battery. All scoring was performed by experienced psychologists. In the present study, five neuropsychological test variables were chosen for analysis: visual attention, visual working memory, verbal learning, using semantic clusters as a learning strategy, and performing intrusive recall errors ( Table  2 ). These variables have previously shown to be strong endophenotypic traits of schizophrenia: 32, 33 the visual span forward and backward subtests of the WMS-R were used to assess visual attention and visual working memory, respectively. Verbal learning and memory, using semantic clusters as a learning strategy, and the intrusive recall errors score, all assessed by the CVLT, have been abbreviated to verbal learning, semantic clusters, and intrusions, respectively. Semantic clustering and intrusions were logarithmically transformed to normality for all analyses.
Laboratory and statistical methods
All single nucleotide polymorphisms (SNPs) had been previously genotyped as part of the original analysis, 6 in which association was observed for four separate haplotypes to LC4, a broad phenotype that predominantly consists of schizophrenia, but also includes individuals affected with other schizophrenia spectrum diagnoses as well as affective disorders. Initial analysis of this smaller sample tested the level of association between LC4 and the haplotypes, and was performed using the TRANSMIT program. 34 This is a program that tests for transmission distortion of a haplotype even when phase is unknown and in the presence of missing genotype information.
In our further analysis, we wanted to directly test for transmission distortion between a haplotype and a quantitative trait. This meant that it was necessary to construct the haplotypes for each individual in the analysis. There is currently no method available for reliably performing this on data that consist of multiple tightly linked SNPs within family-based samples. We used the Simwalk2 program, 35 a Markov chain Monte Carlo (MCMC) and simulated annealing program for haplotype analysis, and in order to increase the reliability of the predicted haplotypes, we used all possible markers that had been genotyped in the 1q42 region, which included 28 SNPs and four microsatellite markers, and used our entire sample of 498 nuclear families. The frequencies of the resulting haplotypes were identical to those estimated from the genotypes by TRANSMIT in the original analysis. The haplotypes were recoded to form 'biallelic markers', so as to test the hypothesized haplotype allele against all others combined, for use within the QTDT program. 36 This is a variance component method for testing for transmission distortion of an allele with a quantitative trait. In this study, age, sex, and affection according to LC4 were used as covariates, and 100 000 permutations were performed to derive the empirical P-values. 
Results
We tested association of two specific allelic haplotypes of TRAX/DISC with the following quantitative traits: visual attention, visual working memory, verbal learning, semantic clustering, and intrusive recall errors. These were the most meaningful quantitative traits for analysis as they each had previously displayed linkage to multiallelic markers on a wide genomic region, 1q41, 24, 25 proximal to the TRAX/ DISC genes. The allelic haplotypes were selected as they were observed to associate with schizophrenia in Finnish families. Analysis was carried out in a sample of 215 Finnish families consisting of 1437 individuals, of which 746 were assessed with a neuropsychological test battery (Tables 1 and 2 ). These families represent a subsample of the families originally used in the detection of association between TRAX/DISC and schizophrenia. 6 In order to examine the effect of the reduced sample size on our ability to detect the original association with these haplotypes, we performed an analysis using the same TRANSMIT 34 program and specifications as in the original finding, 6 within this extensively phenotyped sample. Despite the reduction in sample size, the association signal, in relation to schizophrenia diagnosis, for both HEP2 and HEP3 remained at the suggestive level (P-values: HEP2, 0.0082; HEP3, 0.072) ( Table 3) .
We next performed association analysis of the HEP2 and HEP3 haplotypes using the quantitative neuropsychological test variables and the QTDT program. 36 This is a variance component analysis method that tests for significant transmission distortion within families for a quantitative trait. Age, sex, and affection status were used as covariates and 100 000 permutations were performed in order to derive the empirical P-values. The haplotype HEP3 displayed a more significant association to poorer performance in the traits of visual attention and working memory, with Pvalues 0.0079 and 0.0013, respectively (Table 3) , than to schizophrenia, but did not show association to any of the three traits of verbal learning and memory (data not shown). The haplotype HEP2 showed no association to any of the five traits tested (data not shown). After applying the conservative Bonferroni correction to account for the multiple testing by analyzing two haplotypes with five neurocognitive traits (10 separate tests), only the association between HEP3 and visual working memory remained significant to the 0.05 level.
In order to determine whether these associations are primarily to the trait itself or rather reflect the effect of schizophrenia on the trait distribution, we analyzed the association between HEP3 and the two traits of visual memory functions separately for affected and unaffected offspring. The association to the visual attention trait was only observed with HEP3 in the affected sample (P ¼ 0.0025) compared to the unaffected (PX0.10). However, for visual working memory, both affected and unaffected offspring contributed approximately equally to the observed association in the combined study sample, P-values 0.034 and 0.048, respectively. Additionally, the HEP3 haplotype displayed sex differences in its transmission distortion, only being significantly undertransmitted to affected female subjects, in the original study. In order to investigate if similar sex-dependent effects were present in the association to these quantitative traits, we repeated the permutated QTDT analysis with HEP3, once only including male offspring and then only including female offspring, mimicking the process by which the original sex differences were observed with the TRANSMIT program. The association to poorer performance in the visual working memory trait was only significant in male subjects (male subjects, P ¼ 0.0060; female subjects, P40.10), yet for visual attention the association was equally significant in both sexes (male subjects, P ¼ 0.025; female subjects, P ¼ 0.019).
Discussion
Here, we have tested whether specific allelic forms of the TRAX/DISC genes, reflected by regional haplotypes previously observed to be significantly associated with schizophrenia, are also associated with quantitative traits of cognitive function known to be deficient in individuals with schizophrenia. The neuropsychological test data were available for 215 families. Thus, the study sample used for this analysis was less than half the size of the original sample (498 nuclear families) resulting in a reduced power for the detection of association, given no difference in phenotypic information content. We tested if the initially observed association of HEP2 and 3 6 could be detected within the reduced sample for the dichotomized trait of schizophrenia. Both haplotypes still displayed some marginal significance. It can be hypothesized that the use of more informative quantitative traits, if truly associated with clinical vulnerability and the studied gene variations, has the potential to display stronger association. We observed such a significant increase in statistical significance for the associations involving one haplotype, HEP3, and measures of visual working memory and attention (Table 3 ). The haplotype HEP3 spans 62 kb of the DISC1 gene from intron 1 to exon 2. The analysis of affected and unaffected offspring separately showed that for visual working memory the association is to the endophenotype rather than to deficiencies in the trait caused by the disorder. This is consistent with our prior hypothesis that variants on 1q42 play a role in the etiology of schizophrenia through an effect on the brain systems governing working memory.
Our current and previous observations 24, 25 show that visuospatial memory traits display linkage and association to 1q42 in Finnish schizophrenia families. Additionally, the P300 event-related potential (ERP) endophenotype has been linked to 1q42, with reduced P300 in all individuals from a large Scottish family carrying the balanced translocation (1;11)(q42.1;q14.3), not just in those individuals suffering from schizophrenia. 37 ERPs represent neuronal electrophysiological activity in response to a sensory stimulus. It has been shown that the P300 ERP is reduced in patients with schizophrenia, 38 in part when performing visual recognition tasks. 39 It is interesting, in this light, that our findings show visual working memory measures to associate with allelic variants of DISC1. Working memory tasks invoke the dorsolateral prefrontal cortex (DLPFC), a brain region known to be disrupted both structurally and functionally in patients with schizophrenia. 40, 41 A recent analysis of all allelic variants of the HEP1 to HEP3 haplotypes in relation to neurocognitive functions and gray matter volume in a sample of Finnish twins concordant and discordant for schizophrenia observed association of a rare allele of a haplotype consisting of the SNPs combined from HEP2 and HEP3 (HEP2/HEP3) with increased risk for schizophrenia, decreased gray matter in prefrontal cortex, and impaired visuospatial working memory functioning (Cannon, et al, in press) (Figure 1 ). The findings across these two independent samples thus provide some degree of convergence in implicating the TRAX/ DISC loci as associated with visuospatial working memory and schizophrenia. Owing to different combinations of SNP markers in this region showing different patterns of associations with end state diagnosis and quantitative traits, further work is needed to isolate the specific disease-related variant(s) of these genes.
In the Cannon et al (in press) study of 118 Finnish twin pairs, another haplotype of markers in the translocation breakpoint region of DISC1 (HEP1) seemed to be associated with schizophrenia and impaired long-term verbal memory functions ( Figure  1 ). Despite being unable to support these findings, it should be emphasized that rather than having identified a true 'predisposing' variant, we provide evidence for an altered distribution of DISC1 alleles in individuals showing impaired visual working memory, when we used a hypothesis-driven approach to our analysis. This reduced the risk of type 2 errors through over conservative corrections for excessive multiple testing, yet does not allow for the full allelic variation to be described at this locus for these traits. Consequently, it is probable that different study samples will show different alleles associated with this trait, as well as identifying alleles from this locus that associate with other intermediate phenotypes.
This shows that the findings so far on TRAX/DISC are not unlike that for Dysbindin and Neuregulin 1, and other putative schizophrenia susceptibility loci, where different haplotypes of markers in each locus associate with the illness and its component traits, in different study samples. 4, 5 The results of this study support our hypothesis that DISC1 affects visual working memory and attention, based on the main finding that HEP3 associates with poorer performance in these traits (Table 4) . However, this appears counterintuitive as the HEP3 haplotype was earlier observed to be undertransmitted to affected individuals, suggesting at the time that the haplotype could represent a potential protective variant. 6 The issue was further complicated by the fact that the observed associations each have sex-dependent effects, being detectable only in female subjects when analyzing the end-state diagnosis, and only in male subjects for visual working memory. To address this issue, we genotyped the two SNPs that constitute the HEP3 haplotype (rs751229, rs3738401) in a group of 60 control trios, representing anonymous samples from the Finnish population. From this sample set, we were able to determine the HEP3 haplotype and transmission frequencies, which were lower than in the schizophrenia family sample (Table 5 ). Using a w 2 test, we re-examined the relationship between the observed number of transmissions to affected individuals in our whole sample and the expected number based on the transmission frequencies from the control trio sample (Table 6) . Although this analysis has less power for the detection of association, it would be indicative of the type of results we could expect to observe by doing an analysis similar to the one performed by the higher power TRANSMIT program, but using allele frequencies determined in a control population. These results suggest that due to HEP3 having a higher frequency in the schizophrenia sample than controls, the original number of expected transmissions was upwardly biased, which in turn led to the epiphenomenon of the observed undertransmission to affected female subjects. In the light of our present results, it is a more parsimonious interpretation of our data that the HEP3 haplotype actually confers risk to male subjects in our study population, and that this risk affects schizophrenia and its related disorders through a role in visual working memory. In the whole sample, there were 1678 transmissions to affected offspring, of which 1006 were to male subjects and 672 to female subjects.
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